Introduction
Radical prostatectomy (RP) represents a widely used treatment modality for organ-confined prostate cancer (PCa) [1] [2] [3] [4] [5] [6] . Unfortunately, up to 41% of patients treated with RP develop biochemical recurrence [7] [8] [9] [10] [11] . Of the patients with biochemical recurrence, 8-17% die of PCa [12] [13] [14] .
Although several instruments can predict the individual probability of biochemical recurrence after RP [10, [15] [16] [17] , only two models can approximate the risk of PCaspecific mortality [13, 18] . Instead of providing individual estimates, these existing models only provide group averages. Moreover, they are limited to patients with established biochemical relapse [13, 18] . In clinical practice, patients treated with RP want to know their individual prognosis once the pathological disease staging has been performed and well before several serial quarterly postoperative prostate-specific antigen (PSA) measurements have been obtained and determined to be indicative of biochemical recurrence. To address this void, we decided to develop and internally validate a nomogram predicting the individual probability of PCa-specific mortality in patients treated with RP for clinically localized PCa using a cohort of 752 patients with available long-term follow-up [19, 20] .
Patients and Methods

Patient Population
Between December 1954 and May 1994, 787 patients underwent RP at Virginia Mason Medical Center by 13 surgeons [19] . 35 men were excluded due to missing age at surgery (9) or a pathologic T stage (26) . Clinical and pathological data were logged into a prospective database by one of the authors (R.P.G.) from 1969 to 1999. In later years, the records were maintained electronically with institutional review board approval.
Of the remaining 752 patients, none received neoadjuvant therapy. Preoperative comorbidity was defined according to the Charlson weighted index of comorbidity [21] . For purposes of analyses, patients with an index of 2-4 were grouped with those who had an index of 1. Perineal RP was performed in 428 patients (56.9%) and 324 (43.1%) underwent retropubic RP. Pelvic lymph node dissection at surgery was performed in 342 patients (45.5%) as previously described [19] . Lymph node dissection pathologies were not recorded in the database and could not be included in the current analyses. From 1992 to 1994, tumors were routinely classified according to the Gleason grading system [22] . Before 1992, tumor grade was recorded as well differentiated (I), moderately differentiated (II) and poorly differentiated (III). We recoded these data according to Roehl et al. [9] . Positive surgical margins were defined as the presence of cancer cells against the inked resection margin.
118 patients (15.7%) received adjuvant radiotherapy between 1 and 3 months after RP. Since adjuvant radiotherapy represents an early event and the decision to administer adjuvant radiotherapy is made virtually immediately after RP, we included adjuvant radiotherapy within the predictors of PCa-specific mortality. Conversely, clinical events such as local recurrence, distant recurrence, hormonal therapy or salvage radiotherapy were not considered in the model, as these events occur well after RP and, therefore, cannot be used for prognostication at the time of RP.
Cause of death was ascertained according to detailed chart review or was obtained from the Virginia Mason Medical Center cancer registry, which uses links with the Washington State Death Certificate Office. PCa had to be the first listed cause of death on the certificate for a patient to be classified as having died from PCa. The last data follow-up was performed on December 1st, 2004.
Statistical Analysis
The cohort of 752 patients was used to develop and internally validate the postoperative nomogram for the prediction of PCaspecific mortality. Age at surgery, pathological stage (TNM 1992), positive surgical margin status, pathologic Gleason sum, surgical procedure (retropubic vs. perineal), pelvic lymph node dissection status (performed vs. not performed), comorbidity extent and delivery of adjuvant radiotherapy were used as predictors in univariable and multivariable Cox regression models addressing PCa-specific mortality. The predictive accuracy and statistical significance of all predictors were quantified in univariable analyses. Subsequently, all predictors were included in a multivariable model. Stepwise backward variable removal was applied to the model with the intent of identifying the most accurate and parsimonious set of predictors.
Competing risks regression was used to test the significance of PCa-specific mortality predictors after accounting for othercause mortality. The effect of other-cause mortality cannot be accounted for in Cox regression models. However, the use of competing risks regression, as described by Fine and Gray [23] , can remove this limitation. Unfortunately, there are no commercially available statistical packages that allow applying competing risks regression within a nomogram setting. Consequently, the nomogram was based on Cox regression models.
The accuracy of the final multivariable model was quantified using 200 bootstrap resamples that were applied to its regression coefficients. Since we relied on censored data, Harrell's concordance index substituted the area under the receiver operating characteristics curve. Specific accuracy estimates were calculated for 5, 10, 15 and 20 years. To test the nomogram performance characteristics, we used the val.surv calibration method devised for censored data. All statistical analyses were performed with S-Plus Professional, version 1 (MathSoft Inc., Seattle, Wash., USA) and statistical significance was set at 0.05. All studies were undertaken with the approval and oversight of the Institutional Review Boards for the protection of human subjects.
Results
Patient characteristics are shown in table 1 . Mean age at RP was 63.6 years (median 64.4, range 42.9-77.9). At RP, 341 patients (45.3%) had pT3 disease, 63 (8.4%) had a Gleason sum 6 8 and positive surgical margin(s) were present in 283 (37.6%). Mean follow-up was 11.6 years (median 11.4, range 0.1-40.5). 50 patients (6.6%) died of PCa during follow-up, and 248 (33.0%) died of other causes. In men who died of PCa, the median time to death was 9.1 years (mean 10.9, range 1.5-27.0). The median actuarial time to PCa-specific mortality was not reached (mean 34.8 years) in the overall cohort. The univariable analyses replicated the relationships described with the Kaplan-Meier survival curves ( table 2 ). Table 2 also shows the multivariable Cox regression models predicting PCa-specific mortality after RP.
In the full multivariable model, pathologic Gleason sum (p ! 0.001), pathologic T stage (p = 0.01), age at surgery (p = 0.02) and the delivery of adjuvant ra diotherapy (p = 0.02) represented independent predictors of PCaspecific mortality. After stepwise backward variable elimination, all nonsignificant predictors of PCa-specific mortality, except for pelvic lymph node dissection status, were removed. Despite lack of independent predictor status, pelvic lymph node dissection status was left in the final model as it increased predictive accuracy. The final multivariable model is shown in table 2 . Table 3 lists univariable and multivariable competing-risks regression models that were developed from the cohort of 752 patients. In the multivariate competing-risks regression model, all variables included in the final model, except for pelvic lymph node dissection status, represented statistically significant predictors of PCa-specific mortality after accounting for other-cause mortality.
After 200 bootstrap resamples of the nomogram regression coefficients, the combined predictive accuracy of the final multivariate model was 82.6, 83.8, 75.0 and 76.3% at 5, 10, 15 and 20 years post-RP, respectively. The final model ( table 2 ) served as the basis for the multivariate nomogram ( fig. 2 a) to predict the individual probability of PCa-specific mortality. The nomogram predictions are shown for 5, 10, 15 and 20 years. At each time point, the prediction is accompanied by a graph that adjusts the PCa-specific mortality probability according to a specific disease-free follow-up interval after RP ( fig. 2 cf ). The determination of the probability of PCa-specific mortality is achieved in two steps. First, the nomogram axes are used to quantify the total number of risk points. Subsequently, this number is applied to one of the timespecific scales. For example, 15-year predictions are shown in figure 2 e. When the predictions are calculated immediately after RP, a patient with 155 risk points has a 20% probability of dying of PCa, which declines to 15% at 96 months and further to 10% at 132 months, provided no disease relapse occurs until then. Figure 2 b shows the calibration plot of the newly developed nomogram. The 45° line represents the ideal predictions. The x-axis indicates the probability of PCa-specific mortality predicted by the nomogram and the y-axis indicates the observed PCa-specific mortality rate. It is of note that the curve depicting the relationship between predicted and observed PCa-specific mortality closely approximates the ideal predictions, which indicates excellent calibration. 
Discussion
Unfortunately, up to 41% of patients treated with RP may exhibit a PSA relapse [7, 24] . However, only 8-17% of patients with documented biochemical recurrence progress to PCa-specific mortality [12, 13] . Therefore biochemical recurrence is not a specific marker of PCa-specific mortality.
Currently, only two models may help in identifying patients at risk of PCa-specific mortality. The D'Amico et al. [18] model, developed in 1,095 newly diagnosed patients, quantifies the relative increase in PCa-specific mortality risk prediction according to PSA velocity strata. The Freedland et al. [13] model, developed in 379 patients with an established PSA recurrence after RP, provides the relative PCa-specific mortality risk according to post-RP PSA doubling time, as well other established variables [13] . Unfortunately many patients cannot be assessed with these models. The D'Amico et al. model [18] requires serial preoperative PSA measurements and cancer biopsy characteristics. PSA may not be available or may not be long enough to rule out the possibility of late recurrence. Biopsy Gleason score may inaccurately reflect the RP pathology [25, 26] . Finally, both models provide group values, which only reflect the central tendencies but do not do justice to patients whose characteristics do not reflect these tendencies. Moreover, neither model provides estimates of PCa mortality at specific time points, e.g. at 5, 10 and 15 years after treatment. Similarly, neither model adjusts for disease-free follow- up. Finally, neither model has been externally validated. To address the above limitations (with the exception of external validation) that applied to the previous models, we developed a nomogram that entirely relies on PCa characteristics at RP pathology and on the delivery of adjuvant radiotherapy in the immediate post-RP period. As adjuvant radiotherapy is considered an indicator of treatment failure in some prognostic tools, it is not included among the predictors [15, 27] .
Our nomogram does not require the input of PSA or the knowledge of biochemical recurrence status. More- over, the tool makes predictions at different points in time after RP and its predictions are conditional on diseasefree interval. Finally, our model is one of few that were subjected to competing risks regression analyses, which confirmed the validity of its predictors after accounting for other-cause mortality. Importantly, our nomogram distinguishes itself from the previous models by its ability to quantify the individual probability of PCa-specific mortality instead of providing risk ratios for individual predictors. Individual predictions expressed on a 0-100% probability scale are more easily understood by patients and/or clinicians than relative rates or hazard rates. Like the Freedland et al. [13] model, ours has been subjected to predictive accuracy testing. The Freedland et al. model was 83-84% accurate with minimal loss of discriminant properties after bootstrapping. Our model was 82.6, 83.8, 75.0 and 76.3% accurate at 5, 10, 15 and 20 years, respectively, when it was subjected to a simulated cohort of 150,400 patients (200 bootstrap resamples of 752 patients). Relative to the Freedland et al. [13] model which predicts from the time of biochemical recurrence, these accuracy values appear highly respectable, especially if one considers that our model predicts right after RP and many years prior to biochemical recurrence [7, 8] .
The long-term nature of the data implies that recruitment needs to occur over a long period of time. The advantage of the long-term follow-up and its inherent long recruitment period include potential variability in surgical technique and pathological staging. The advantage resides in the capacity of the current model to predict PCa-specific mortality up to 20 years after surgery.
Despite its excellent predictive accuracy, our nomogram has several limitations. First, our series spans over a period of 40 years. Nevertheless, only 752 patients were included. This sample size limitation may undermine the generalizability of our findings. However, the similarity of PCa-specific mortality rates in other studies validates our data [8, 9, 13] . Second, although the pathologic Gleason sum represented the most powerful predictor of PCaspecific mortality, the Gleason grading used in the present series has not been subjected to a review. Recently, Albertsen et al. [28] demonstrated a grade migration, especially in those with previously favorable Gleason sums. Therefore, our series cannot be compared to patients with a revised Gleason sum according to contemporary criteria. However, in clinical practice the great majority of patients will not benefit from a review of their original Gleason scores and most Gleason scores will be historic according to the Albertsen criteria [28] . Third, our nomogram was derived from a cohort of patients treated in North America. Different selection criteria for RP may have been used in Europe during the same time period, which may undermine the accuracy of our nomogram in European patients. Fourth, a large proportion of our patients who died from PCa (90%) were treated with hormonal therapy after failure. Hormonal therapy has not been proven to prolong survival in patients with biochemical recurrence in randomized clinical trials [10] . Fifth, many important pathological data are missing in our cohort, including lymph node involvement and the distinction between pT3a and pT3b/c disease. Despite the lack of these crucial parameters, our nomogram resulted in high predictive accuracy in its validation. The performance of our nomogram may be improved through the inclusion of the pathological parameters mentioned above. Finally, our model was not subjected to external validation. Instead it was internally validated with bootstrapping, which represents the best substitute for an external validation cohort [29] . Moreover, we have demonstrated that accuracy recorded in bootstrap internal validation very closely approximates external validation in PCa cohorts [30] .
Conclusion
RP provides excellent overall oncological outcomes in most patients affected by organ-confined PCa, but a proportion of patients treated with RP is at risk of PCa-specific mortality. We developed the first post-RP nomogram for individual prediction of PCa-specific mortality. Nomogram ( a ) and calibration plot ( b ) for prediction of individual probability of PCa-specific mortality after RP. b The 45° line represents the ideal prediction. The x-axis indicates the nomogram-predicted PCa-specific mortality probability and the y-axis indicates the observed PCa-specific mortality fraction. It is of note that the curve depicting the relationship between predicted and observed PCa-specific mortality closely approximates the ideal predictions, which indicates excellent calibration. c PCaspecific mortality conditional prediction at 5 years. d PCa-specific mortality conditional prediction at 10 years. e PCa-specific mortality conditional prediction at 15 years. f PCa-specific mortality conditional prediction at 20 years. SM = Specific mortality.
